In Drosophila melanogaster, the endogenous retrovirus gypsy is repressed by the functional alleles (restrictive) of an as-yet-uncloned heterochromatic gene called flamenco. Using gypsy-lacZ transcriptional fusions, we show here that this repression takes place not only in the follicle cells of restrictive ovaries, as was previously observed, but also in restrictive larval female gonads. Analyses of the role of gypsy cis-regulatory sequences in the control of gypsy expression are also presented. They rule out the hypothesis that gypsy would contain a single binding region for a putative Flamenco repressor. Indeed, the ovarian expression of a chimeric yp3-lacZ construct was shown to become sensitive to the Flamenco regulation when any of three different 5Ј-UTR gypsy sequences (ranging from 59 to 647 nucleotides) was incorporated into the heterologous yp3-lacZ transcript. The piwi mutation, which is known to affect RNA-mediated homologydependent transgene silencing, was also shown to impede the repression of gypsy in restrictive female gonads. Finally, a RNA-silencing model is also supported by the finding in ovaries of short RNAs (25-27 nucleotides long) homologous to sequences from within the gypsy 5Ј-UTR.
R
ECENT genome sequence analyses have shown the giving rise to a full-length RNA. By analogy to vertebrate quantitative importance of retroelements. For inretroviruses, this RNA is thought to be used both as a stance, genomic parasites, which replicate by retrotranmessenger RNA, to translate, respectively, the Gag and scription and insertion of a cDNA elsewhere in the gePol structural and enzymatic peptides, and as a genomic nome, make up Ͼ40% of the human genome (Lander RNA, packaged into virus-like particles. The env messenet al. 2001) . The tight control of their mobilization is ger RNA that encodes the Env protein is a splicing an important characteristic of their regulation to prederivative of the full-length gypsy transcript from which vent high mutation rates due to novel insertions. Inthe gag and pol genes are excised (Pélisson et al. 1994 ). deed, their transposition is usually a rare event. To study
The expression of gypsy is restricted to the salivary gland such regulations, fly geneticists have been paying special precursors and fat body of the embryo, imaginal discs attention to some strains in which one or several eleand fat body of larvae, and fat body and ovaries of adult ments display unusually high transposition rates. For females (Smith and Corces 1995) . Both retrovirus-like instance, in the 2b3 (Pasyukova et al. 1997) and U organization and expression are typical of the functional (Desset et al. 2003) unstable stocks, the copia and both gypsy proviruses that have inserted recently into the euthe Zam and Idefix retroelements are mobilized, respecchromatic DNA of some strains. By contrast, the pericentively. In two other strains, MG (Mevel-Ninio et al. 1989;  tromeric heterochromatic regions of all strains contain Prud 'homme et al. 1995) and MS (Kim et al. 1990) , very old gypsy insertions, which have accumulated a lot frequent transpositions of the gypsy element result in of deleterious mutations and rearrangements (Lambertshigh levels of insertional mutability.
son et Vaury et al. 1989) . Gypsy was the first retrovirus described in invertebrates Genetic analysis of gypsy mobility has shown that it is (Kim et al. 1994b; Song et al. 1994) . As shown in Figure  controlled by an as-yet-uncloned locus of the Drosophila 1A, the genomic structure of this retroelement is regenome. This locus, flamenco (flam), is located in the markably similar to the proviral form of vertebrate retroheterochromatin of the X chromosome (Prud'homme viruses (Marlor et al. 1986) . Gypsy proviruses contain et al. Robert et al. 2001) . Two classes of alleles, two long terminal repeats (LTRs). Their transcription restrictive and permissive, have been described. Restricis initiated in the 5Ј-LTR by a TATA-less promoter, which tive alleles, denoted flam (R) , are dominant and repress contains a downstream promoter element (DPE) lotransposition of functional gypsy proviruses. Strains concated 30 bp after the transcription start (Arkhipova and taining flam (R) alleles are therefore stable, as far as gypsy Ilyin 1992). Transcription is terminated in the 3Ј-LTR, mobilization is concerned. Conversely, permissive alleles, denoted flam (P) , allow high levels of gypsy transposition, as illustrated by the two unstable strains MG and 1 Corresponding author: CNRS, 141 rue de la Cardonille, 34396 Montpellier Cedex 5, France. E-mail: pelisson@igh.cnrs.fr MS, which are both flam (P) homozygous and contain a vided by U. Bhadra, is a single P-ry 11 insertion (Cox et al. 1998 ).
large number of functional proviruses in their genome.
It was balanced with the CyO; Act5c:GFP(w ϩ ) chromosome conMost of the permissive stocks are stable because they are structed by D. Ferrandon. The permissive wOR(P) and the devoid of functional gypsy proviruses (Kim et al. 1994a;  restrictive wRev(R) strains are both devoid of functional gypsy Pélisson et al. 1997) . A mutation from the restrictive proviruses and were described previously (Mejlumian et al. 2002) . By contrast, all the following stocks contain active gypsy toward the permissive allelic form was obtained by a proviruses. The A151(P) X chromosome contains a permissive P-element insertion (Robert et al. 2001) . Moreover, flam allele. It is maintained in the A151(P)/FM7(R) balanced deficiencies of the locus were shown to behave as permisstock where gypsy mobilization is prevented by the FM7 domisive alleles (Prud'homme et al. 1995) . Hence, it is innant restrictive balancer, as described previously (Pélisson ferred that at least one of the functions of the putative et al. 1994) . The A151(R) X chromosome was isolated as a restrictive derivative of the A151(P) chromosomal clone. The
Flamenco protein consists of downregulating gypsy mo-A151(R)/FM7(R) restrictive and the A151(P)/FM7(R) perbilization. This is achieved by preventing the accumulamissive balanced stocks were isogenized thereafter. The MG1 tion of first gypsy RNAs and then of virus-like particles restrictive strain was described previously (Prud'homme et al. into the somatic follicle cells of the restrictive ovaries 1995) . (Pélisson et al. 1994; Lecher et al. 1997) . However, it (ii) by testing the impact on gypsy silencing of piwi, a kindly provided by M. Bownes. This pBluescript-based plasmid gene known to affect RNA-mediated homology-depencontains in its EcoRI site the Ϫ285 to ϩ43 fragment of the dent transgene silencing (Pal-Bhadra et al. 2002) .
yp3 gene, sufficient to drive expression in the follicle cells (Ronaldson and Bownes 1995) . The Stratagene QuikChange site-directed mutagenesis kit was used to introduce a StuI restriction site at coordinate Ϫ42 using the oligonucleotide 5Ј-MATERIALS AND METHODS GCAGTGCGCTATCAGGCCTCGGAGCTATATAAG-3Ј. The pES2 parental construct was obtained by subcloning the 383-Drosophila strains: If not otherwise indicated, genetic materials and fly stocks are described in FlyBase (http:/ /flybase.bio.
bp BamHI-EcoRI-StuI-EcoRI-HindIII-XhoI-KpnI mutated sequence upstream of AUGlacZ into the corresponding sites of the indiana.edu/). Flies were grown at 25Њ on standard Drosophila medium (Gans et al. 1975 ). The piwi 2 mutation, kindly propCaSpeR-AUG-␤gal transformation vector (Thummel et al. flam-and piwi-Dependent RNA Silencing 1988) . The 270-328 gypsy sequence was obtained by annealing gel was imaged after staining in 2 g/ml ethidium bromide. Hybridization with a short sense gypsy riboprobe (coordinates the two corresponding oligonucleotides. The pES3 and pES4 plasmids were constructed by blunt-end cloning this 59-bp 310-433 in the gypsy sequence) was performed overnight at 40Њ; the membrane was washed twice for 30 min at 50Њ in 2ϫ fragment at the StuI restriction site of pES2 in the opposite and direct orientations, respectively. This small fragment was SSPE/0.5% SDS and exposed for 2 days on a phosphorimager screen (Molecular Dynamics, Sunnyvale, CA). The blots were also ligated to the Klenow-blunted XhoI site of pES2 in the sense orientation to produce pES5. The Klenow-blunted XhoI stripped for 1 min at 90Њ in 0.2% SDS/10 mm Tris pH 7.5 and probed with an end-labeled oligonucleotide (5Ј-ACTCGT site of pES2 was also used to insert the 329-426 and the 426-1072 gypsy fragments in the sense orientation, generating CAAAATGGCTGTGATA-3Ј) complementary to the mir-13b-1 microRNA. plasmids pES11 and pES9, respectively. Both these fragments originated from p#12 by either PCR or gel purification of a Klenow-blunted BglII-Acc65I fragment, respectively.
P-element-mediated transformations were performed as de-RESULTS scribed (Rubin and Spradling 1982). The constructs were coinjected with the pUChs⌸⌬2-3 helper (gift of D. C. Rio) into Larval female gonads also display a flam-dependent embryos of the wOR(P) permissive stock. Flies carrying the gypsy expression: The p#12 construct contains the proinsertion were identified by rescue of the white phenotype.
moter and the 5Ј-UTR of gypsy, transcriptionally fused Inserts in transgenic flies were made homozygous in this w to the Escherichia coli lacZ reporter ( Figure 1B) . It is very flam OR(P) permissive background. They were also backcrossed twice to wRev(R) females and then made homozygous in this similar to the previously described pgypCaSpeR plasmid restrictive background, too. Each pair of transgenes was ana- (Smith and Corces 1995) , which is known to have a lyzed (XbaI-restricted genomic DNA probed with the SV40 flam-dependent expression (Pélisson et al. 1994) . Structure and regulation of the p#12 and p#15 constructs. p#12 is a transcriptional fusion of the gypsy promoter and leader with the prokaryotic lacZ reporter gene. The p#15 deletion derivative includes nucleotides 329-1072. In the inset table, the total numbers of transgenes that were made homozygous in both the w flam OR(P) permissive and the w flam Rev(R) restrictive backgrounds are given in parentheses in addition to the number of regulated transgenes (i.e., those disclosing a markedly lower expression in the restrictive than in the permissive genotype). (C) flam-dependent follicle cell expression of two homozygous transgenes, #12a and #15(2), representative of the data obtained with the p#12 and p#15 constructs. The blue ␤-gal staining is restricted to the permissive follicular epithelium that surrounds the grayish yolk-containing oocyte. (D) flam-dependent female gonadal expression of the #12a homozygous transgene. Third instar female larvae contain acorn-like small gonads. In the permissive gonad, lacZ is expressed nonuniformly throughout the "acorn-cup," including the equatorial region known to contain both precursors of the germinal and somatic cells of the ovary. The histochemical reaction was stopped after 4 hr at 37Њ.
for the restrictive function despite the fact that it constrictive flam genotype (Figure 2 , B and C), indicating that this small 59-bp fragment is sufficient to make a tains only 328 bp of gypsy sequence, corresponding mostly to the promoter (coordinates 1-270) followed non-gypsy-driven transcription unit sensitive to this regulation. by ‫06ف‬ bp of nonpromoter transcribed sequences (Figure 1, A and B) . To test whether the gypsy promoter is When fused to a heterologous transcript, any fragment from the gypsy 5-UTR appears to be able to target dispensable for this regulation, we chose to swap it for an alternative promoter from the yp3 gene. The enhancer the repression: To determine whether this 59-bp cisregulatory sequence is the only possible target of the located immediately upstream of this promoter is known to drive expression in the follicular epithelium of stage flam-dependent regulation, we specifically deleted it from the original p#12 gypsy construct. As shown in 10 egg chambers (Ronaldson and Bownes 1995) , where gypsy itself is expressed. As a first control, we Figure 2 , B and C, this deletion did not prevent the #12⌬ transgene from being repressed in the restrictive checked that the pES2 corresponding reporter construct was not repressed in a restrictive background (Figbackground , suggesting some level of redundancy in the gypsy control mechanism. ure 2, B and C). Then the nonpromoter gypsy sequence present in p#15 (270-328) was introduced downstream As a first step to dissect the target sequence(s) left in the p#12⌬ construct, the nonpromoter sequence presof this yp3 ovarian promoter in the sense orientation. The resulting pES5 construct was repressed by the reent in this construct (329-1072) was split into two frag- Figure 2 .-Any fragment from the gypsy 5Ј-UTR, when inserted into the yp3-lacZ heterologous transcription unit, can be a target of the flam-dependent regulation. (A) Coordinates in the gypsy sequence of each of the three fragments tested. These three fragments scan the whole nonpromoter gypsy sequence present in the p#12 construct. (B) Structure and regulation of the constructs. p#12⌬ differs from p#12 only by the deletion of nucleotides 270-328. pES2 is a transcriptional fusion of the yp3 minimal ovarian promoter (cross-hatched fragment containing the ovarian enhancer shown by an open box) with the prokaryotic lacZ reporter gene. pES2 contains two unique restriction sites (StuI and XhoI) that were used to insert one of the three different gypsy fragments upstream or downstream of the promoter, giving rise to the five other pES constructs. In the inset table the numbers of the corresponding transgenes that were sensitive to the Flamenco repression are given (as in Figure 1 ). (C) Representative examples of the expression of four of the seven constructs in adult ovaries. For each construct, a pair of stocks homozygous for a given transgene in both the permissive and restrictive genotypes is presented. ments (329-426 and 426-1072), which were both tested ( Figure 2B ), indicating the existence of at least three different target sequences in the 5Ј-UTR of gypsy. Several in the same way as the 59-bp fragment. Both resulting transgenes (ES11 and ES9) displayed typical regulation unsuccessful attempts were made to align these three sequences (see materials and methods), making very unlikely the hypothesis that they would share redundant binding sites for a repressing transcription factor putatively encoded by flam. The only feature common to the gypsy sequences present in pES5, pES9, and pES11 might be that each of them would be homologous to some hypothetical gypsy element(s) that would trigger a homology-dependent silencing-like mechanism. This putative trigger would target RNA rather than DNA, since the 59-bp sequence does not behave as a target when inserted upstream of the same yp3 promoter (see the ES3 and ES4 transgenes in Figure 2 , B and C).
The repression of gypsy is impaired in piwi mutant larval female gonads: The Drosophila argonaute-like piwi gene was reported to be involved in the Adh transgene cosuppression (Pal-Bhadra et al. 2002) . Hence, we addressed the question of whether piwi would also affect the apparently similar phenomenon of gypsy silencing. Following the mating scheme described in Figure 3 , the piwi 2 mutant allele was introduced into a restrictive background homozygous for the #12a gypsy-lacZ transgene. The stock thus obtained generates both homozygous and heterozygous piwi females, which can be distinguished, at any developmental stage, by the green fluorescent protein (GFP) fluorescence carried by the latter on their CyGFP balancer chromosome. The restrictive genotype of this stock was confirmed by the absence of any lacZ expression in the heterozygous adult ovaries (data not shown). The morphology of homozygous piwi 2 ovaries is too severely affected for any stage 10 to be recognized and the lacZ expression to be monitored in the corresponding follicle cells. We took advantage of the larval gonadal gypsy regulation described above to study the impact of the piwi 2 mutation. As expected, no staining was observed in the heterozygous third instar larval female gonads, confirming the restrictive geno- (see Figure 1D ). This derepression suggests that the over the red-eyed color of the #12a transgene; and the TM3 mechanism of gypsy silencing involves the Piwi function. targets and their apparent need to be transcribed) prohr at 37Њ. The lacZ staining is less widespread than that in the corresponding permissive piwi ϩ gonads (see Figure 1D ). It is vide circumstantial evidence for a homology-dependent mostly located in the central region of the gonad. Gonads were RNA-silencing mechanism triggered by unknown gypsy photographed and imaged exactly like those in Figure 1. sequence(s). Such a hypothesis assumes the existence of antisense small gypsy RNAs, which should mediate the silencing information between the hypothetical trigger of permissive females tested here, A151(P) and wOR(P), and the targets. This prediction was tested by Northern was about twofold fainter than that of their isogenic blot hybridization with a riboprobe from within the gypsy restrictive counterparts, A151(R) and wRev(R), respec-5Ј-UTR (coordinates 310-433). Small RNAs (25-27 nt) tively. However, in view of the large interstrain variawere easily detected in the restrictive ovaries and whole tions, it would be premature to infer that the flam genotype affects the abundance of the small gypsy RNAs. females (Figure 4 ). The signal disclosed by both types are not sensitive to the flam genotype (data not shown). Gypsy is expressed in only the basal half of the gonad. This flam-dependent expression pattern includes the central region, which is known to contain both precursors of the germinal and somatic cells of the ovary (Godt and Laski 1995) . Since we have not yet identified this new gypsy-expressing cell type, it remains to be seen whether or not this flam-dependent control of gypsy is also restricted to the somatic cells, as it is in the adult ovary.
Circumstantial evidence for a cosuppression-like mechanism involved in the flam-dependent control of gypsy: The experiments presented in this article were initiated to test the hypothesis that the control of gypsy would operate via a classical transcriptional repressor encoded by flam. This simple hypothesis was systematically ruled out by each of the five following lines of circumstantial evidence:
i. The gypsy promoter sequences are not required for this regulation to operate. The yp3 promoter belongs to a different class from that of the gypsy promoter (presence of a TATA box and absence of a DPE) and does not display a flam-dependent expression. Nevertheless, the yp3-lacZ heterologous transcription unit could be made sensitive to the Flamenco repression by incorporation of nonpromoter gypsy sequences. hybridization to a 120-nt probe from the gypsy 5Ј-UTR. This class of RNAs is considered a hallmark of DISCUSSION RNA-mediated silencing phenomena in eukaryotic organisms (Hannon 2002) . It is worth noting that Tissue specificity of the flam-dependent control of RNA silencing is considered an adaptative defense gypsy: In adult permissive females, gypsy-lacZ transgenes mechanism developed by eukaryotic genomes to are expressed in both the fat body and the ovarian control genetic parasites like viruses and transposfollicle cells, but the repression is observed only in reable elements (Waterhouse et al. 2001) . strictive ovaries, not in restrictive carcasses (Pélisson et v. Finally, the involvement in this regulation of the al. 1994). We report here another tissue-specific restricargonaute-like piwi gene, which was already retion of the flam-dependent control of gypsy, namely of ported to affect Adh cosuppression (Pal-Bhadra the third instar larval female gonad. Other larval tissues, et al. 2002) , is additional circumstantial evidence such as the imaginal discs and larval fat body (Smith for a RNA-mediated cosuppression mechanism. Aland Corces 1995), do exhibit some expression of the gypsy-lacZ transgenes but, unlike the female gonad, they though of unknown biochemical function, several members of the Argonaute gene family are indeed Roles of flam and piwi in this silencing: The present results suggest that RNA silencing might be responsible among the most conserved universal components of the RNA-silencing process (Carmell et al. 2002) .
for the repression of gypsy in the ovaries that contain functional flam and piwi alleles. Assuming this hypotheIf this effect of the pleiotropic piwi mutation is not indirect, it might provide the first hint for a role sis, it is not clear whether flam is involved in the accumulation of the short gypsy RNAs. It is difficult to define a of an Argonaute-like gene in the control of transposable elements.
role for flam in this process until it has been clearly identified at the molecular level. It is nevertheless strikAbout the putative trigger(s) of this hypothetical coing that inactivation of this restrictive function was suppression phenomenon: In the aforementioned Drocaused by a P-element insertion (Robert et al. 2001 of ovarian nuclei.
